Abstract
Introduction

1
Advances in our understanding of bacterial systems in the past century have expanded the 2 role of the microbe from being regarded solely as a health threat to being exploited as a 3 genetically programmable factory for the production of biomolecules and chemicals. We view 4 bacterial biofilms as embarking on a similar trajectory vis-à-vis functional advanced materials. 5 The majority of bacteria in the natural world exist as biofilms: organized communities of cells 6 ensconced in a network of extracellular matrix (ECM) composed of polysaccharides, proteins, 7 nucleic acids, and other biomolecular components 1 . This self-generated ECM protects bacteria 8 from environmental rigors and mediates substrate adhesion, thus promoting microbial 9 persistence and pathogenicity. Hence, the majority of biofilm research has focused on their 10 eradication due to the negative roles biofilms play in clinical infection 2 .
11
We envision instead the domestication of biofilms as a platform for programmable and 12 modular self-assembling extracellular nanomaterials, with the bacterium serving as a living
13
foundry for the synthesis of raw building blocks, their assembly into higher order structures upon 14 secretion, and the maintenance of the material as a whole over time. While there has been some 15 investigation into the use of biofilms for beneficial purposes such as energy generation 3 ,
16
wastewater treatment 4 and biotransformations 5, 6 , these studies have primarily focused on altering 17 the population of the biofilm microbial consortia rather than the ECM material itself. Another 18 example is recent exciting work from the Wood group, in which they describe the design of 19 synthetic genetic circuits that modulate the population balance in a dual-species biofilm to 20 control biofilm formation and dispersal based on quorum-sensing 7 .
21
Our approach to engineering the biofilm ECM material for practical applications focuses CsgB, nucleates CsgA assembly and also anchors the nanofibers to the bacterial surface.
4
Detached curli fibers can also exist as non-cell associated structural components of the ECM.
5
The curli genes exist as two divergently transcribed operons (csgBAC and csgDEFG) 8 , whose 6 seven products mediate the structure (CsgA), nucleation (CsgB), processing (CsgE, F), secretion 7 (CsgC, G), and direct transcriptional regulation (CsgD) of curli nanofibers.
8
The curli system exhibits numerous features that make it an ideal platform for the type of 9 materials engineering by way of synthetic biology that we envision. First, since the curli 10 nanofiber is composed primarily from the self-assembly of one small protein, it presents a 11 tractable entry point towards creating a large diversity of biofilm extracellular matrices with 12 conventional genetic engineering methods. In contrast, it would be more difficult to engineer the The BIND system enables the precise genetic programming of the E. coli biofilm 9 extracellular matrix material by fusing functional peptide domains to the CsgA protein ( Fig. 1 ).
10
We demonstrate that the chimeric CsgA variants are secreted by the native cellular export ΔcsgA cells heterologously express and secrete fusion proteins consisting of an amyloidogenic 3 domain (CsgA, shown in orange) and a functional peptide domain (green). This secreted fusion 4 protein self-assembles into an extracellular network of amyloid nanofibers that are anchored 5 onto the cell surface, resulting in a biofilm material with programmed non-natural functions. A 6 three-dimensional protein model is shown of the self-assembling and functional peptide 7
domains, using homology model protein threading of the CsgA sequence onto an AgfA 8
structure. An example peptide domain, SpyTag (see Table 1 ), is shown in green and the 6-9 residue flexible linker in gray. The peptide structure was predicted using PepFold and all 10 structural manipulation performed in PyMol. 11 12
Results
13
Determination of an optimal peptide fusion site for CsgA. In order to determine suitable 14 fusion points to append peptides to CsgA, we generated a library (Fig. 2a) electron microscopy (SEM) ultrastructural characterization can be attributed solely to the self-10 assembly of heterologously engineered CsgA fusion mutants.
11
The CR staining assay of the MBD insertion library indicated only the C3 fusion site with 12 the longest C-terminal linker between CsgA and MBD was able to form an appreciable amount Relative differences in curli production between library members were monitored by measuring 6 the staining intensity of transformants spotted on CR plates (Fig. 2c,d ). Overall, most small 
18
The true value of the BIND system is in its ability to perform as an expansive 19 interfacial biomaterial whose function can be genetically programmed in a modular fashion. As a 20 demonstration of some of these capabilities, we selected three peptides from proteins, suggesting that they are present and unproteolyzed as amyloid fibrils in the ECM
21
( Supplementary Fig. S7b,d ,f,h).
Silver nanoparticle templating onto A3-BIND nanofibers. silver nanoparticles (Fig. 3a) . In contrast, the A3-BIND biofilms show an enhanced ability to 6 bind to growing silver nanoparticles from a solution of AgNO 3 , as shown by representative TEM 7 images of incubated A3-BIND showing the assembly of nanoparticles throughout the nanofibers.
8
( Fig. 3b-c) . These results are reproducible ( Supplementary Fig. S8 ) and demonstrate the utility of Programmed BIND substrate adhesion onto 304L stainless steel. In order to make BIND an 1 efficient platform for developing interfacial materials, it will be critical to tune the nanofiber 2 adhesion to specific abiotic surfaces. As an example of this capability, we tested the adhesion of expressed (Fig. 5b-g ). We recombinantly produced GFP-SpyCatcher and a non-functional 18 mutant 28 (GFP-SpyCatcher E77Q ) and applied cell lysates containing these proteins to SpyTag-
19
BIND or wild-type CsgA biofilms. Analysis by epifluorescence microscopy revealed, as 20 expected, that only the combination of biofilms composed of CsgA-SpyTag incubated with GFP-
21
SpyCatcher resulted in covalent attachment (Fig. 5h) . To further validate that the GFP-
22
SpyCatcher is localized to the extracellular material and not to the cells, we analyzed SpyTag-
23
BIND + GFP-SpyCatcher samples using confocal microscopy and aligned the high-resolution 1 fluorescence images with SEM micrographs of the same sample ( Supplementary Fig, S10a-c) .
2
Regions that are fluorescent ( Supplementary Fig. S10d ,e,g,h) clearly correlate to regions that biofilm that can display the FLAG tag as well as immobilize GFP through the SpyTag-
15
SpyCatcher system (Fig. 6 ). Only the co-cultured sample is able to co-localize the GFP-
16
SpyCatcher and a fluorescently-labeled anti-FLAG antibody, as visualized by confocal 17 microscopy (Fig. 6, bottom row) . This capability of engineering multifunctional biofilms greatly 18 increases the utility of our system for complex applications which require any combination of 19 adhesion, display, molecular templating, or protein immobilization. CsgA, FLAG-BIND, SpyTag-BIND, and a 24 co-culture of FLAG-BIND and SpyTag-25 BIND were all probed with GFP-26
SpyCatcher followed by anti-FLAG 27 DyLight650 conjugated antibody.
28
Confocal microscopy images for the 29 GFP, DyLight650, and DIC channels are 30
shown. All scale bars are 5 microns. 31
Discussion
1
Here we have demonstrated a strategy, BIND, for the rational molecular design of a 2 microbial extracellular matrix component with the purpose of introducing new function into a 3 biofilm. The biofilms of E. coli are partly composed of a functional amyloid nanofiber, curli, 4 which plays a role in bacterial adhesion 37 , aggregation 43 , and biofilm stability 38,44,45 . Our results
5
show that the curli system in E. coli is capable of secreting a wide variety of chimeric CsgA-6 peptide constructs that can self-assemble into the extracellular matrix as amyloid nanofibers. The Fig. S11 ). Indeed, further exploration of the ability to control the three- Importantly, this was accomplished without the need for system re-optimization, suggesting that 20 other sequences can easily be incorporated into our system to access materials with a vast range 21 of non-natural functions. In addition, a co-culture of cells harboring different CsgA fusions resulted in a bifunctional biofilm, suggesting that the modular aspect of our platform can be used 1 to engineer biofilms with a wide combination of desired functions. Supplementary Tables S1, S2 , and S3). 
21
These plates were supplemented with 100 µg/mL of ampicillin, 0. 
